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a b s t r a c t

We study the pressure induced collapse of single-, double- and triple-wall carbon nanotubes. Theoretical
simulations were performed using density-functional tight-binding theory. For tube walls separated by
the graphitic distance, we show that the radial collapse pressure, Pc, is mainly determined by the
diameter of the innermost tube, din and that its value significantly deviates from the usual Pcf d�3

in L�evy-
Carrier law. A modified expression, Pc d

�3
in ¼ að1� b2∕ d2inÞ with a and b numerical parameters, which

reduces the collapse pressure for low diameters is proposed. For din a 1.5 nm an enhanced stability is
found which may be assigned as due to the bundle intertube geometry-induced interactions. If the inner
and outer tubes are separated by larger distances, the collapse process is found to be more complex.
High-pressure resonant Raman experiments were performed in double-wall carbon nanotubes having
inner and outer diameters averaging 1.5 nm and 2.0 nm, respectively. A modification in the response of
the G-band and the disappearance of the radial breathing modes between 2 GPa and 5 GPa indicate the
beginning and the end of the radial collapse process. Experimental results are in good agreement with
our theoretical predictions, but do not allow to discriminate from those corresponding to a continuum
mechanics model.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) are nanostructures composed by one
or by multiple concentrically aligned cylindrical shells (walls) of
carbon atoms. They have excellent mechanical resilience, due to the
specific geometrical arrangement of carbon atoms and to the
unique strength of the carbon-carbon bond. Furthermore, CNTs can
be either semiconducting or metallic, depending on their chirality.
Such remarkable properties triggered an ever increasing number of
studies on their applicability for engineering nanodevices, rein-
forced composites, biomedical usage, among other applications [1].
(A. San-Miguel).
While CNTs possess Young moduli along their symmetry axis in
the terapascal range [2,3], pressures in the gigapascal domain are
enough to deform their radial cross-section [4]. Upon application of
pressure, the radial cross-section evolves towards a collapsed
conformation, often described as peanut-shaped. The transition
towards this ultimate cross-section defines the geometrical
collapse of a CNT [5,6]. Since radially deformed CNTs present
different and even possibly enhanced electronic [7] andmechanical
properties [8], understanding the radial deformation and the
collapse process can offer new opportunities for engineering de-
vices and composites [9].

Theoretical studies have proposed a collapse of single-wall CNTs
following a L�evy-Carrier type law [10e12], Pcfd�3, where Pc is the
collapse pressure and d is the tube diameter [13]. This result cor-
responds to a continuum medium theory in which the
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proportionally constant includes the bending rigidity D of the
considered material. Recent Raman experiments at high pressure
[14] are consistent with this theoretical calculations. Furthermore,
it is known that filling single-wall CNTs with different molecules,
including even other CNT, can alter their mechanical stability
[14e20]. More precisely, it has been proposed that homogeneous
filling leads to an increase of the collapse pressure [17], and the
effect is known to be particularly strong for water filling of single-
wall nanotubes [14]. Environment [21e24] and bundling [25,26]
have also been proposed to influence the CNT's radial stability
against pressure. We note that many of these effects are difficult to
control in experiments, being probably the major reason for dis-
crepancies between theory and experiments. In addition, many
experimental high-pressure studies performed on CNT's are based
on resonant Raman spectroscopy, which requires the careful
consideration of the evolution with pressure of the resonance
conditions [27e29]. Finally we can also underline that deviations
from the L�evy-Carrier scheme have been also proposed [6,30]
which will be discussed later.

A double-wall CNT can be viewed as a single-wall tube filled by
another single-wall tube. As such, and in view of the above, it is
reasonable to expect that the inner tube provides mechanical
support, while the outer tube screens the environment [17,31,32].
Therefore, double-wall tubes are believed to show higher me-
chanical stability than single-wall CNTs. Unfortunately, it is difficult
to extract from the different experimental and theoretical works
published up to now a coherent picture on the collapse of CNTs
having more than one wall.

Some theoretical results indicate that Pc in double-wall CNTs
depends mainly on the diameter of the inner tube din [33]. In
contrast, other studies obtain that Pc is a function of the average of
din and dout, respectively the inner and outer tube diameters [34].
This result implies that not only din, but also the distance between
the walls, are relevant factors in the collapse process. By averaging
over samples having din varying from 0.5 to 1.9 nm, some experi-
mental studies proposed that geometrical changes happen already
at pressures as low as 3 GPa [35], and the response is elastic up to
pressure of at least 10 GPa [36]. Other dynamic high-pressure ex-
periments found that only minor tube structure damage occurs
below 19 GPa, with the collapse of the double-wall CNToccurring at
� 26 GPa [37]. However, other works which considered similar
diameter distributions reported collapse or large structural modi-
fications at different pressures ranging from � 13e15 GPa [18,38]
to � 25 GPa [17,39]. Such important discrepancies can be attrib-
uted to the difficulty in working with double-wall CNT samples,
mainly due to the large diameter distribution, the effect of the
environment on the resonance conditions, and the presence of
defects, which depend on synthesis, preparation and handling of
the samples.

In this work we shed some light on this problem by performing
systematic simulations of a large number of few-wall (1, 2, and 3
walls) CNTs, including tubes having different inter-wall separation.
These simulations are performed using density-functional tight-
binding theory (DFTB) [40], that provides an excellent compromise
between accuracy and numerical efficiency for carbon-based sys-
tems. We also perform an experimental study of the mechanical
response and collapse of double-wall CNTs as a function of pressure
for samples having inner and outer diameter distributions larger
than those previously reported.

2. Methodology

2.1. Theoretical methods

Density functional tight-binding [40] calculations were
performed using the DFTB þ software package [41] with the
matsci-0-3 parameter set [42]. This approach can be seen as an
approximation to the Kohn-Sham density-functional theory, where
the usual integrals are fitted to reference calculations. This allows
for faster simulations, while keeping much better transferability
and accuracy than other semi-empirical methods. This method is
particularly good for carbon compounds as demonstrated in pre-
vious works [18,43e45]. In particular, the carbon-carbon Slater-
Koster parameters implemented in our work have been extensively
used in the study of CNTs since at least 2003 [46]. We recently used
these parameters to study the collapse of bundles of single-wall
CNTs [13,30]. Since carbon nanotubes are relatively inert struc-
tures where no significant charge transfer is expected [43], we
decided to adopt the non-self-consistent charge scheme of DFTB.

Hexagonal unit cells containing two nanotubes with periodic
boundary conditions in the three directions were used for a better
description of the bundle geometry [13]. To keep calculations
feasible, we chose only armchair nanotubeswith diameters ranging
from 0.6 nm to 3.3 nm: 24 single wall, 22 double wall and 5 triple
wall (results for single-wall CNTs with diameter below 1.9 nmwere
taken from Ref. [13]). Triple-wall nanotubes with inner diameters
larger than �1.2 nm were unfortunately too large to be handled in
this work. The initial intra-tube distance of themulti-walled CNTs is
fixed by the choice of the diameters of the inner and outer tubes.
We first selected inner and outer tubes compatible with available
experimental data, then we varied the diameters in two different
ways: (i) maintaining as much as possible constant the intra-tube
distance (with a reference value of about 0.335 nm); (ii)
increasing the diameter of the external tube, while keeping fixed
the diameter of the internal tube, and therefore increasing the
intra-tube distance. Quasi-static simulations were performed as
follows: for each value of pressure, a random displacement of
0.002 nm, was applied on each atom in order to break all sym-
metries. Atomic positions and cell vectors were optimized until the
magnitude of all forces became smaller than 10�4 Ha/Bohr. The
applied pressure was increased in steps of 0.2 GPa up to 30 GPa or
until collapse. The collapse of the tubes is abrupt in the large ma-
jority of the cases and was identified by a discontinuity in the
enthalpy, that corresponds to the transformation to a peanut-like
geometry. In some rare cases, especially at low diameters, this
discontinuity was not found and the collapse pressure was deter-
mined by inspection, i.e., we assigned the collapse to the first
peanut-like geometry found. According to this method the ob-
tained collapse pressure corresponds to the end of the collapse
process.

Impurities or defects, as well as the bundle size could also affect
the collapse process. Its study is nevertheless not feasible using our
quantum mechanical theoretical methods. In fact, the periodicity
imposed by the DFTB calculations would imply to use a supercell
containing a full bundle with a pressure transmitting medium,
making the calculation too heavy.

2.2. Experimental setup and sample characterization

Samples were prepared by catalytic chemical vapor deposition.
A detailed description of the synthesis methodology can be found
in Ref. [47]. HRTEM Histograms were obtained (see supplementary
material) showing the distribution of the number of walls and di-
ameters for the double-wall CNTs studied in this work. A large
majority of the tubes (80%) has been observed with an average
diameter of 1.5 nm and 2.0 nm for the inner and outer tubes,
respectively. Therefore, the signal originated from these tubes is
expected to dominate the resonant Raman spectra [47].

High pressure experiments were carried out using a diamond
anvil-cell device, with low-fluorescence diamond anvils, having
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culet sizes of 600 mm. The sample was loaded in a cylindrical
pressure chamber with a diameter of 250 mm and thickness of
�90 mm drilled in a pre-indented stainless steel gasket. In-situ
Raman measurements were performed using an Acton 300i sys-
tem, with the excitation energy provided by a 2.41 eV (514.5 nm)
laser, having the output power controlled to avoid temperature
effects. NaCl was used as pressure transmitting medium to avoid
any accidental filling of the tubes [14]. A small ruby chip was loaded
with the sample to calibrate the pressure by using the standard
ruby luminescence R1 line [48].

3. Results and discussion

3.1. Numerical simulations

To clarify the role of the diameter on the collapse in few-walled
CNTs we performed DFTB [40] calculations for a selection of
armchair (n,n) CNTs. Fig. 1 shows the calculated normalized
collapse pressures, as function of the inner tube diameter, for the
single-wall (green triangles), double-wall (blue circles), and triple-
wall (red squares) CNTs. This normalized collapse pressure, PN, is
defined as PN ¼ Pcd

3
in and allows then to better observe deviations

from the L�evy-Carrier law which in then represented by a hori-
zontal line. As discussed above, our calculated values correspond to
the end of the tube collapse process. Fig. 1 puts into evidence de-
viations from the L�evy-Carrier behavior in practically all the
domain of explored diameters. We can nevertheless distinguish
two clearly different regions. First of all we consider the region for
din(1:5 nm. In this region the collapse pressure appears to evolve
with independence of the number of tube walls and can be fitted
with a same model already proposed for SWCNT [30]:

PN ¼ Pcd
3
in ¼ a
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Fig. 1. Calculated normalized collapse pressure as a function of the diameter (SWCNT)
or inner diameter (for double and triple-wall tubes) of bundled few-wall CNTs. The
internal diameter has been changed while keeping the intra-layer distance constant
(or as close as possible, see text). All tubes are armchair, i.e. (n,n). The corresponding
(n,n) indexes for the innermost tube is given in the upper scale. The continuous line
corresponds to the fit using the modified L�evy-Carrier formula in Eq. (1) on the
calculated data up to � 1:5 nm. The dotted line is its extrapolation for larger diameters.
The dashed line (in blue) is the linear fit to the deviations from the L�evy-Carrier for-
mula for din beyond ~1.5 nm for the double-wall tubes data given by PN ¼ a þ b dinwith
a ¼ �15±5 GPa nm3 and b ¼ 20±2 GPa nm2. (A colour version of this figure can be
viewed online.)
This modified L�evy-Carrier model corrects the observed de-
viations from continuum mechanics predictions by introducing a
parameter bs0 which accounts for the discretization of compli-
ances for low tube diameters [30]. The value of b can be also
interpreted as the lowest diameter self-sustained stable carbon
nanotube which of course has no lower limit in a continuum me-
dium theory. The value of a on its side is related to the bending
rigidity, D, of the tube material in the continuum mechanics model
and to the one of a graphene foil for SWCNT [30]. We obtain when
fitting altogether the data of one- two- and three-walled tubes
values of a ¼ 13:8±1:2 GPa nm3 and b ¼ 0:48±0:03 nm. The ob-
tained value of b is in very good agreement with the published
result for SWCNT on individualized tubes b ¼ 0:44±0:04 nm ob-
tained combining experiments and models [30]. Recalling that
a ¼ 24D [30], the obtained a value could be then associated to the
bending rigidity D of the tube wall. We may then try to fit sepa-
rately the data for one- two- and three-wall tubes respectively to
obtain the associated bending rigidity in each case. Unfortunately
we obtain in that case D values of 2.1, 2.5 and 2.1 eV, which do not
correspond to a logical progression. We then prefer just to consider
here the average value of a which significance is just a fitting
parameter, probably affected by the more complex collapse process
in carbon nanotubes having more than one wall.

We may consider now the second region in Fig. 1 corresponding
to internal tube diameters beyond � 1:5 nm. In this regions de-
viations from the extrapolated curve from Eq. (1) become very
significant. Even if there is a strong scattering in the calculated
values, they increasingly differ to the expected extrapolation of the
values given by Eq. (1) (discontinuous line in Fig. 1) which in that
region correspond well to the L�evy-Carrier expectations. These
deviations appear to be linear with pressure in the case of DWCNT
but are much more scattered for SWCNT. To explain such deviation,
there is a need for a stabilizing contribution which is not included
in a continuum medium model or even in Eq. (1) - which only
corrects that model for low diameter tubes. The collapse process
involves the modification of the tube curvature leading in the case
of an isolated tube to a transition structure having important re-
gions with zero curvature [49]. In the case of carbon nanotube
bundles, the hexagonal symmetry can lead to the observation of
tube hexagonalized cross-section due to pressure application as it
has been proposed from neutron diffraction experiments [50] and
to geometrical constraints leading to zig-zag orientation of the
tubes at the collapse as it has been seen in DFTB calculations [13]. In
fact, as it is shown in Fig. 2 we do observe such polygonization even
for internal tube diameters of 1.1 nm in both double-wall or triple-
wall tubes.

In Fig. 3a we show the collapse process as a function of the
number of walls for the case of a (8,8) single-wall tube (green
curve), a (8,8)@(13,13) double-wall tube (blue curve), and a (8,8)
@(13,13)@(18,18) triple-wall tube (red curve). For single-wall CNTs
our calculations show a collapse transition usually quite abrupt
[13], with a sharp transition to a peanut shape following a (small)
compression of the tube. For double- and triple-walls there is a
greater reduction of the volume before the collapse (see Fig. 3a),
with the outer (larger) tube starting to deform at lower pressures,
but being supported by the innermost (smaller) tube (see Fig. 2).
The cross-section modification of the outermost tube causes an
inhomogeneous strain on the innermost tube, which can then favor
the collapse process with respect to the single-wall nanotube case.

Finally, we investigated the collapse of a double-wall CNT as a
function of the distance between the inner and the outer tube. We
chose as the inner tube a (9,9) CNT with a diameter of 1.22 nm, and
for the outer tubes a (14,14), a (15,15), and a (17,17) CNT, leading to
an inter-tube spacing of 0.34, 0.41, and 0.54 nm. The calculated
collapse pressures for the three cases were 6.4, 5.0, and 4.0 GPa



Fig. 2. Snapshots before and after collapse. (a) and (b) are for (8,8)@(13,13) tubes. (c)
and (d) are the (8,8)@(13,13)@(18,18) before and after collapse, respectively. The pol-
ygonization of the structure before the collapse can be clearly appreciated. (A colour
version of this figure can be viewed online.)
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respectively, and the geometry of the collapsed tubes are depicted
in Fig. 3bed. As we can see, there is a considerable decrease of the
collapse pressure with increasing inter-wall separation. This
observation can again be explained by the larger ovalization of the
outer tube, leading to an inhomogeneous compression of the inner
tube favoring collapse.

The different elements arising from the discussion of Fig. 3
illustrate a more complicate image of the tube collapse process
when increasing the number of walls which justifies then that the a
parameter in Eq. (1) deviates from a simple association to a tube
bending rigidity interpretation.
3.2. Experimental characterization

Details of the Raman spectra data analysis are provided in the
Supplementary information. Fig. 4a shows the DWCNTs Raman
spectra of the radial breathing like modes (RBLMs) for a pressure
ramp from 0.7 GPa up to 9.2 GPa. Six peaks centered at 194.7 cm�1
(R1), 208.1 cm�1 (R2), 260.5 cm�1 (R3), 275.1 cm�1 (R4), 268.3 cm�1

(R5, at pressures larger than 2.9 GPa) and 221.8 cm�1 (R6, in
2.4e2.6 GPa pressure range) can be observed. These peaks disap-
pear above �2.0 GPa (R1), 2.4 GPa (R3 and R4) and 2.6 GPa (R2 and
R6). Above 2.6 GPa, only the R5 peak is measured until �5.2 GPa.
Such findings are closely related to variations in the cross-section of
the tube [22,39,51e53]. As it will be discussed later, these peaks can
be assigned to the beginning (2.0 GPa) and the end (5.2 GPa) of the
radial collapse process of these tubes. The RBLMs fitting is carried
out in a similar way than our previous works on DWCNTs and
TWCNTs [17,53] using Lorentzian profiles (Fig. 4a) for the RBLMs
modes. The corresponding Raman frequencies are plotted as
function of pressure in Fig. 4b. Except for the R6 peak, which does
not present enough experimental points to carry out a reliable
fitting, we observe that the RBLM frequencies increase linearly with
pressure, in agreement with other results in the literature [17,31].

Previous studies have shown that the pressure coefficient of
RBLMs (vu∕vP) are smaller for the inner dominant modes than for
the outer dominant ones in double- and triple-wall CNTs due to
chemical screening effect and structural support [17,31,53]. By
comparing vu∕vP with values found in the literature [17,31] (see
Table 1), we observe that our samples present lower values, indi-
cating that our RBLMs are dominated by the innermost tubes. The
observation of inner/outer tubes dominated RBLMs in the different
studies shown in Table 1 is dependent on the particular diameter
and chirality distribution in each sample as well as on the excitation
wavelength used in the Raman study. For pressures beyond 2.6 GPa
only one peak (R5) is observed in the energy domain of R3 and R4
whereas a single very broad feature replaces R1 and R2. It is difficult
to make a clear assignment of these new peaks. We can recall here
that modeling of the projected phonon-DOS at the RBLMs energy
domain in DWCNT during radial section deformation shows a clear
broadening [38].

Fig. 5a shows the evolution of the G-band as a function of
pressure. In general, we observe that the peaks broaden and their
intensity decrease with increasing pressure. The same trend was
observed in previous works [17,31]. In Fig. 5b we show the evolu-
tion of the G-band frequencies with pressure. As suggested in
Refs. [17,31], we fitted the G-band profile with four Lorentzian
peaks. For double-wall CNTs, it was proposed that the two highest
frequency components can be assigned to Gþ modes, and more
precisely that the highest frequency is due to the outer tubes while
the next highest is related to the inner tubes [17,31]. The two
remaining lower frequency components are then assigned as G�

peaks. We recognize that the pressure evolution of the weak and
broader G�

i is not obvious. Nevertheless, we observe a strong
consistency on its pressure evolution both of its position and width
with the other 3 G-band components. Wemay note that the FWHM
of the four G-band components become broader for the lowest
energy ones and that the G�

i is particularly broad (see
supplementary information). All the FWHM of the G-components
increase with pressure up to 3e4 GPa. From this value there is a
clear reduction of the FWHM with pressure. This will be discussed
later.

Experimental and theoretical studies have shown that the
change of sign of the pressure derivative of the G-band marks the
beginning of the radial collapse of the tube [14,15,17,54]. The loss of
RBM resonances is attributed in literature either to a change in
resonance conditions [22,39,52,53] or to a drastic cross-section
deformation, or even to the collapse of the CNT [14,39,51]. We
observed a change of sign of the pressure derivatives for all G-band
components of our double-wall CNTs at�1 GPa. It is not possible to
clearly establish if there is a corresponding change in the RBLM
peaks. At �2 GPa the G-band peaks energy pressure slope starts to
evolve to become positive again associated to the loss of the R1, R2,



Fig. 3. (a) Collapse pressure as function of the number of walls. DFTB calculated volume variation up to the onset of the collapse for (8,8) single-wall tube (green curve), a (8,8)
@(13,13) double-wall tube (blue curve), and a (8,8)@(13,13)@(18,18) triple-wall tube (red curve). (b)e(d) Collapse pressure as function of the tube-tube interwall distance. Calculated
collapsed configurations and respective collapse pressures (labeled at the bottom) of double-wall tubes having a (9,9) inner tube, but three different larger outer tubes. (A colour
version of this figure can be viewed online.)

Fig. 4. (a) RBLM Raman spectra collected at different pressures. Green and gray colors indicate data and fitting, respectively. Violet indicates a non-RBLM feature centered at �
210 cm�1. The remaining colors highlight the labeled RBLM features. (b) RBLM Raman frequencies of the six peaks shown in (a) as a function of pressure. (A colour version of this
figure can be viewed online.)
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R3, R4 and R6 RBLM peaks. These two simultaneous observations
can be assigned to the onset of the collapse in these CNTs.
Furthermore, the four G-band components tend to evolve towards
amonotonic behavior that is reached at about�5 GPa, which can be
then explained by a graphite-like response (see Fig. 5b) in the
collapsed form. This pressure of �5 GPa should then correspond to
the end of the collapse process. Moreover, as pointed out before, the
R5 peak also disappears at �5.2 GPa. Similar results for the RBLMs
have been obtained by Shujie et al. [39] for the collapse of the outer
tubes with different diameters. Our observation of a maximum
value of FWHM of the G-band components at 3e4 GPa, would then
correspond with the highest degree of disorder due to mixing be-
tween pristine and collapsed geometries.

Aguiar et al. [17] suggested different collapse pressures for inner
and outer tubes in double-wall CNTs proposing a cascade-type
collapse process. However, from the G-band evolution, our results
show both tubes collapsing at about the same pressure. We can
understand this difference by reminding that we have assigned the
change of sign of the slope of the G-band to the onset of the collapse
and the graphitic behavior to the fully collapsed geometry, while
the change of sign was previously assumed as marking the full
collapse of the tube.

Finally, in Fig. 6 we compare experimental collapse pressures for
double-wall CNTs with the theoretical curves obtained by fitting
our DFTB results. In the graph is represented the normalized
collapse pressure as function of the inner tube diameter. It is
included in continuous line the modified L�evy-Carrier law
following Eq. (1) as well as the linear variation found from the high
diameter deviations shown in Fig. 1. The continuous lines represent
then our prediction for the collapse pressure dependence on tube



Table 1
RBLM frequencies (u0) and pressure coefficient (vu∕vP) of double-wall CNTs for
different pressure-transmitting media: NaCl (Ref. [17] and our results), paraffin oil
(Ref. [17]) and 4:1 methanol-ethanol (Ref. [31]).

Feature u0 (cm�1) vu∕vP (cm�1/GPa) Origin tube

NaCl (this work)
R1 186.6 1.4±0.2 inner
R2 202.2 2.3±0.7 inner
R3 260.1 1.2±0.7 inner
R4 274.2 2.2±0.8 inner
R5 263.4 2.0±0.5 inner
NaCl (Ref. [17])
R1 160.3 7.0±0.3 outer
R2 172.4 6.7±0.3 outer
R5 250.1 1.4±0.1 inner
R6 260.8 2.1±0.3 inner
R7 270.1 1.4±0.2 inner
Paraffin oil (Ref. [17])
R1 162.6 4.8±0.4 outer
R2 175.1 4.1±0.2 outer
R5 249.5 1.8±0.1 inner
R6 259.8 2.3±0.2 inner
R7 267.6 1.6±0.2 inner
4:1 methanol-ethanol (Ref. [31])
R1 175 5.8 outer
R2 186 5.8 outer
R4 323 1.5 inner
R5 384 1.1 inner
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diameter. The collapse pressures obtained experimentally in our
work and in Refs. [17] and [39] are also included in the graph. The
large incertitudes in the experimental points at low diameters arise
both from incertitudes in the collapse pressure and on the tube
diameter determination. We should remind that the experiment of
Ref. [39] was performed on double-wall CNTs solubilised in
sodium-cholate water solution (not bundles) which also worked as
the pressure-transmitting medium. It is also important to remark
that open single-wall CNTs having diameters as small as 0.55 nm
become filled with water in surfactant-water solutions [55]. Also, a
Fig. 5. (a) G-band Raman spectra collected at different pressures. Green and gray colors indic
and the pressure transmitting medium at � 1300e1400 cm�1. The remaining colors highlight
of pressure. The color code is the same used in panel (a). The two black arrows at �1 and � 5
band signal. The red arrow labeled ”RBLMs” points to the pressure at which total attenuatio
black line) is included for comparison. (A colour version of this figure can be viewed onlin
study on empty and water-filled single-wall CNTs showed that the
collapse pressure increases significantly upon water filling [14].
Therefore, the higher values of the collapse pressure in Fig. 6 of
Ref. [39] could be explained by an unintentional filling of the CNTs.
At such high pressures, the non-hydrostaticity of the pressure
transmitting medium can also have an effect in the values of the
collapse pressures, making more difficult the comparison between
experimental and calculated values. In all cases, Fig. 6 makes clear
that the present precision on the study of the collapse of DWCNT
does not allow to discriminate between the predictions of contin-
uum mechanics (horizontal line in Fig. 6) and the corrections
introduced either by atomic discretization or intertube interactions.
The inset in Fig. 6 shows the difference in collapse pressure be-
tween the continuum mechanics model and our calculations
normalized with respect to the continuummechanics values. These
differences clearly indicate that the expected deviations can be very
important for DWCNT with tube diameters beyond � 2 nm
allowing to discriminate between models. The study of samples
with selected diameters or chilarities - in a similar way as was done
in SWCNT [30] - or the study of well characterized individual tubes
appears then as the most promising strategy for such discrimina-
tion. We underline that our predictions show an enhancement of
tube stability through bundling with respect to the continuum
mechanics predictions which can be more than 3-fold for the larger
investigated tubes.

In Fig. 6 we have also included the pressure corresponding to the
onset of the collapse in our Raman experiment (triangle symbol).
The recent analytic solution for the collapse of the simple elastic
ring under pressure [56,57] showed a progressive process starting
at Pc and finishing at 1.5 Pc. Our experimental results for double-
wall carbon nanotubes having inner and outer diameters aver-
aging 1.5 nm and 2.0 nm, respectively show a progressive collapse
extending between 2 and 5 GPawhich corresponds to an extension
up to 2.5 Pc, i.e., significantly more important than the predictions
of continuum mechanics. This difference could be attributed to the
sequential process of the pressure induced collapse in double-wall
CNT [17] related to the non continuum nature of their structure.
ate data and fitting, respectively. Violet indicates an overlap of the signal from diamond
the G-band components. (b) Raman frequencies of the G-band components as function
GPa indicate the beginning and the end of the collapse process as observed from the G-
n of the RBLM is observed. The pressure dependence of the G-band of graphite (dashed
e.)
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4. Conclusions

We performed a combined experimental and theoretical study
on the collapse of few-wall carbon nanotubes bundles under
pressure. Calculations show that the collapse pressure does not
follow a simple 1∕d3in law, corresponding to the L�evy-Carrier
continuous medium prediction. Deviations of distinct origin and
opposite directions have been found both in the low diameter
regime due to atomic discretization effects [30] (collapse pressure
reduction) and for diameters higher than � 1.5 nm attributed to
inter-tube interactions (collapse pressure enhancement). The
collapse process is, however, more complex for the case of few-wall
tubes (with respect to their single-wall counterparts), as the outer
tube cross-section can be modified at lower pressures, leading then
to an inhomogeneous compression of the inner tubes. This can, in
turn, reduce the mechanical stability of the few-walled tube. This
effect seems to be particularly important when the distance be-
tween inner and outer walls increases. Experimentally we have
determined the onset and end of collapse of DWCNT having 1.5 nm
internal diameter and graphite-like distance between the tubes.
Our experimental values of the collapse pressure as well as others
find in the literature for lower tube diameters do agree with our
findings but can also be compatible with a continuum mechanics
model. Experiments in DWCNT samples with well characterized
diameters and not having penetration from the pressure trans-
mitting medium (closed tubes) will be needed to discriminate be-
tween our predicted values of collapse pressure and the predictions
of continuum mechanics. All these results appear of particular
importance in view of an engineering of composite materials or
devices through strain engineering.
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